principal phytotoxic Al species (Foy, 1992; Kinraide, 1997). interspecific difference in forage yield that had previously been ob-
I
n acid soils, exchange sites vacated by cations leached and Norvell, 1999) . Nutrient concentrations, about one out of the soil profile are occupied by Al ions solubiorder of magnitude lower than those of earlier solutionlized from decomposing primary minerals. The result culture techniques, are at the minimum levels required of this natural acidification process is a complex synto achieve close-to-maximum plant growth rates (Asher, drome of Al (and sometimes Mn) toxicity, deficiencies 1978 , 1986 Edmeades et al., 1995; . As in Ca, Mg, and Mo, and a frequently low availability of a consequence of these more realistic conditions, Al 3ϩ P as a result of chemical fixation. In addition, K and N activities ({Al 3ϩ }) required for inhibiting root growth tend to be deficient in many acid mineral soils of the are at least one order of magnitude lower than those tropics because they are usually highly weathered or of earlier studies. They are comparable with values inhave low organic matter content (Sá nchez, 1976; Rao ferred from studies relating root-growth inhibition to et al., 1993) . Since Hartwell and Pember (1918) Brachiaria genus. A field study in an area representing applied to one-half of each sample (10 kg). This mixture is the highly weathered acid soils of the Colombian and routinely used to raise the fertility of Colombian savanna
Venezuelan savannas had previously shown that acid soils in field studies; addition of 1 mg of element per kg soil soil-adapted signalgrass produces a higher forage yield corresponds to a surface-area-based application rate of 1.94 than less-adapted ruzigrass (CIAT, 1995) . We therefore kg of element ha Ϫ1 (Rao et al., 1992 (Rao et al., , 1996 . The four soil samples, two with and two without fertilizer, were rewetted used these two species, as well as soils from this area, to 90% (w/w) field capacity by adding water at 144 mL kg rapidly evaluating the edaphic adaptation of crops targeted for these areas.
Incubating Soil Samples and Extracting Soil Solutions
The initial objective of this multi-tiered study was to examine the nutrient status of the highly weathered acid Ten 333.3-g aliquots were taken from each of the four rewetsoils of the Colombian savannas, and to design a nutrient ted soil samples and transferred into 0.02-mm thick polyethylsolution that simulates chemical factors (Al toxicity, ene bags (Bartlett, 1965) . The bags, in upright position with their tops rolled back, were arranged in a single layer and nutrient deficiencies) that limit plant growth in these incubated at 28ЊC. On Day 1, 2, 4, 8, 16, 32 and 48, one bag soils. To test whether the designed solution was a realisper soil type and fertilizer level (four aliquots in all) was tic approximation to the chemical properties of these removed and weighed. Soil solutions were extracted by centrisoils, we then examined whether its growth-inhibitory fuging each aliquot, in several rounds, at 2000 ϫ g for 45 min effect resulted in a similar growth difference between (Aitken and Outhwaite, 1987) . On Day 64, three bags of each signalgrass and ruzigrass as had been observed in the soil type and fertilizer level (12 aliquots in all) were processed field experiment mentioned above. Finally, to investito quantify the variability among aliquots (extraction of repligate whether interactions among the various stress faccate aliquots for all time points was not possible because the process was too time-consuming). The average loss of soil tors must be taken into account for an accurate assessmoisture after 64 d of incubation was 12.5% Ϯ 4.7 (mean Ϯ ment of edaphic adaptation, we dissected the stress SD) of the initial water content. syndrome into Al toxicity and nutrient deficiency and examined whether they inhibited growth of the two Analyzing Soil Solutions grasses in a synergistic manner.
The electrical conductivity and pH of each soil solution were determined in a 2.5-mL aliquot immediately after extrac-
MATERIALS AND METHODS
tion. The remainder was filtered (0.22 m; polycarbonate), and the concentration of inorganic monomeric Al (Al inorg ) was Extracting and Analyzing Soil Solutions estimated, using a modified version of the short-term coloriCollecting Soil Samples metric method described by Kerven et al. (1989) : 300 L of soil solution were mixed with 50 L of 0.1% (w/v) 1,10-The soils used in this study were collected from topsoil (0 phenanthroline, 0.5% (w/v) ascorbic acid, 20 L of 0.11% to 20 cm) under native savanna vegetation at two sites (Alegría (w/v) pyrocatechol violet, and 100 L of 1 M imidazole-HCl and Pista) in the Carimagua Experimental Station (Depart-(pH ϭ 5.9). Absorbance at 585 nm was measured exactly 1 ment of Meta, Colombia; 4Њ 37Ј N lat., 71Њ 19Ј W long; 150 m min after adding the imidazole buffer. Aluminum chloride altitude; 26ЊC mean temperature; 2300 mm annual rainfall was used for calibration. distributed from April to November; December to March
The remaining aliquot of each soil-solution sample was almost completely dry). Both were Oxisols (kaolinitic, isohystored at Ϫ80ЊC for later analysis of nutrient concentrations. perthermic, Typic Haplustox), but had either a sandy-loam Ammonium was determined colorimetrically (Kandeler and (Alegría) or clay-loam texture (Pista). Samples were taken at Gerber, 1988 fied by HPLC, using a Dionex AS-11 column (Dionex, SunThe characteristics of the sandy loam (clay loam) before nyvale, CA) and gradient elution (0.5-37.5 mM NaOH in 18 fertilization, previously determined according to Salinas and min at a flow rate of 2 mL min Ϫ1 and 30ЊC). Suppressed García (1985) , were as follows: 170 (370) g kg Ϫ1 clay and 650 conductivity was used for detection. (180) g kg Ϫ1 sand, pH 5.1 (5.0) at a soil/water ratio of 1:1, 9 (34) g kg Ϫ1 organic matter, 24 (72) mmol kg Ϫ1 total N, 2.0
Simulating the Ionic Speciation of Soil Solutions (2.1) mg kg Ϫ1 Bray II-extracted P, 0.03 (0.06) cmol c kg Ϫ1 Bray IIextracted K, 0.7 (2.6) cmol c kg Ϫ1 0.13 (0.21) The ionic speciation of each soil-solution sample was simucmol c kg Ϫ1 KCl-extracted Ca, and 0.08 (0.10) cmol c kg Ϫ1 KCllated with GEOCHEM 2.0 software using the thermodynamic extracted Mg. Aluminum saturation was 77 (89) Table 3 . a partial pressure of 3 ϫ 10 Ϫ4 atm (using the program's options "pH fixed," "open system," and "ionic strength calculated").
Growing Brachiaria Seedlings in the Designed
The program computed the activities of ions and ion com-
Nutrient Solutions
plexes, using the Davies equation and an ionic strength that had been corrected for ion pairing predicted based on ionicSeeds of signalgrass (Agrosemillas, Medellín, Colombia) strength-adjusted stability constants. Throughout this paper, and ruzigrass (FundeAgro, Pucallpa, Peru) were surface-sterithe parentheses [ ] and { } denote concentration and activity lized with 70% (v/v) ethanol for 1 min, followed by treatment of a given ion, respectively. with a solution containing 2% (w/v) NaOCl and 0.1% (v/v) Triton X-100 for 15 min. They were then spread on mosquito nets glued to styrofoam frames, which floated on the surface Table 2 ), which were placed either in a in the first part of this study (LN ϩ Al, low nutrient levels growth chamber or greenhouse. The solutions were continuplus Al). In addition, three other treatments were designed:
ously aerated to prevent anaerobiosis in roots (aeration did an Al-free reference treatment containing sufficient nutrients not change the pH of the nutrient solutions). for close-to-maximum plant growth rates (AN, adequate nutrients) and two treatments for exposing plants to Al toxicity (AN ϩ Al) or nutrient deficiency (LN) separately (see DiscusGrowth Chamber sion and Table 1 for the design criteria).
Seedlings were grown in containers holding 110 mL of nutriFor each of these four treatments, we simulated the ionic ent solution per individual plant. Nutrient solutions were prespeciation of a series of seven different nutrient solutions with pared by adding an acidified Al-stock solution (16 mM AlCl 3 , a varying NO Ϫ 3 to NH ϩ 4 ratio so that they would be suitable 4 mM HCl) and a 50ϫ concentrated nutrient mixture (confor plant species with different preferences for the two forms taining all nutrients plus the remainder of the HCl required of mineral N ( Table 2 ; a ratio of 10 was chosen for this study).
to adjust the pH to 4.2) to vigorously stirred deionized water For these simulations, the logarithm of the solubility constant (MilliQ, 18 M⍀). The solutions were changed daily. Their pH of Al(OH) 3 was set at 8.8 (Kinraide and Parker, 1989) , and tended to increase slightly over a 24-h period; the highest precipitation of all solids was permitted. Carbon dioxide was value in Al-free solutions, measured at harvest, was 4.45 (LN). allowed to penetrate the solution at a partial pressure of 3 ϫ
The highest value in Al-containing solutions was 4.38 (LN ϩ 10 Ϫ4 atm. To facilitate routine preparation of solutions, the Al), a pH at which the Al 3ϩ activity is predicted to be 40 M amount of HCl required for pH adjustment was computed (ϭ 93% of its original value at pH 4.20; GEOCHEM). from the charge-balance deficit predicted by the program Growth conditions were 24ЊC, a 12-h diurnal cycle, and a when pH was fixed at 4.2. Nutrient solutions were prepared photon-flux density of photosynthetically active radiation of using varying quantities of the following salts (ACS reagent 110 mol m Ϫ2 s
Ϫ1
. , the principal phytotoxic species, to identical values (Table 3) independent harvests, each comprising six experimental units density of photosynthetically active radiation during the day was 1100 mol m Ϫ2 s
. This experiment consisted of two (18 seedlings) for each of the two grasses and four treatments. independent harvests, each comprising six individual plants for each of the two grasses and four treatments. Greenhouse Seedlings were grown in containers holding 350 mL of nutriMeasuring Plant Growth and Nutrient Uptake ent solution per individual plant. Nutrient solutions were prepared and changed daily as outlined for the growth chamber.
Plants were harvested 20 d (growth chamber) or 13 d (greenThe highest pH value in Al-free solutions, measured at harvest, house) after the seedlings had been transferred to the nutrient was 4.53 (LN). The highest value in Al-containing solutions solutions. All plants from the growth chamber and half of the was 4.33 (LN ϩ Al), a pH at which the Al 3ϩ activity is predicted plants from the greenhouse were used to measure growth. to be 41 M (ϭ 95% of its original value at pH 4.20;
Roots were stained in a solution containing 0.1% (w/v) methyl-GEOCHEM).
ene blue [3,7-bis(dimethylamino)phenothiazin-5-ium chloThe greenhouse was located at CIAT headquarters. Typical ride] and 0.1% (w/v) neutral red [N 8,N8 3-trimethyl-2,8-phenazdiurnal maximum and minimum temperatures in the greeninediamine monohydrochloride] for 24 h, and scanned with a house were 36 and 19ЊC. The typical maximum photon-flux flatbed scanner, which was also used to scan leaves. Rootimage-analysis software (WinRHIZO, Regent Instruments ene's test. ANOVA of nutrient-concentration data was per-formed without data transformation, and differences between group means were tested for significance using the Spjotvoll/ Stoline test.
RESULTS

Composition of Soil Solutions
The charge balance in soil solutions extracted from the clay loam was close to neutrality (1 Ϯ 9% excess of anions; mean Ϯ SD), while those from the sandy loam contained a slight excess of cations (9 Ϯ 14%; mean Ϯ SD). Coefficients of variation for ion concentrations, pH and electrical conductivity of soil solutions, extracted from separate soil aliquots after 64 d of incubation, ranged from 6 to 26%.
Effect of Fertilizer Application
Nutrient concentrations in soil solutions from soil samples without fertilizer, extracted shortly after rewetting, were very low. Their ionic strength varied between 1.3 and 1.7 mM. Fertilizer application significantly increased the concentrations of cationic macronutrients (micronutrients were not measured). This effect was more pronounced in the sandy loam. The cation-activity ratio, that is,
], was between 1.9 and 2.2 in soil solutions of samples without fertilizer (Moss, 1963) . Fertilization decreased these values to between 1.2 and 1.3 (sandy loam) or between 1.5 and 1.6 (clay loam).
Fertilizer application also increased the levels of anions in soil solutions, except phosphate, the increase being, again, more pronounced in the sandy loam. In soil solutions extracted from the clay loam, SO 2Ϫ 4 levels were one to two orders of magnitude lower than for solutions from the sandy loam, even if fertilizer had been added. The pH of soil solutions increased by 1 to 1.5 units during the first 16 d after rewetting, and dropped to a ionic equivalents (Fig. 2) . Before the onset of nitrificasimilar extent between Days 16 and 64. The amplitudes tion (at NO Ϫ 3 concentrations smaller than 1 mM), howof pH fluctuations were larger in the sandy loam than ever, there was a significant excess of cations over in the clay loam (Fig. 1A) . The acidification of soil NO Ϫ 3 (data not shown). In the soil samples ϩ fertilizer, solutions from Day 16 onward was clearly associated other anions, including Cl Ϫ (both soils) and SO 2Ϫ 4 (sandy with the onset of nitrification, which led to a pronounced loam), contributed to balancing the positive charges of accumulation of NO Ϫ 3 , particularly in soil solutions from sandy loam ϩ fertilizer (Fig. 1B) . By contrast, ammonium concentrations in soil solutions remained virtually constant throughout the incubation of soil samples. They were higher in the soil samples ϩ fertilizer, presumably because the urea in the fertilizer was partly mineralized (Fig. 1C) .
The Effect of Nitrification on Cation and Anion Levels
The substantial increase in the concentration of NO cations. This can be deduced from their higher levels talline gibbsite (Fig. 4) . There was no evidence that kaolinite decreased Al solubility below that of gibbsite. and the significant excess of cationic charge equivalents
The activities of H 2 PO Ϫ 4 in soil solutions indicated over NO Ϫ 3 in soil solutions from the soil samples ϩ that variscite in equilibrium with gibbsite imposed an fertilizer ( Fig. 2 and 3) .
upper limit to P solubility (Barber, 1984) . Only shortly When the activity of each cation was plotted against after rewetting, H 2 PO Ϫ 4 activities exceeded significantly that of NO Ϫ 3 , a linear relationship with two distinct this solubility limit (Fig. 4) . phases became apparent. At {NO Ϫ 3 } Ͻ 1 mM, slopes were close to zero, but at greater activities they became positive (Fig. 3) . Despite the substantial increase of cat-
Growth of Brachiaria Seedlings in the Designed
ion levels, cation-activity ratios in soil solutions of all
Nutrient Solutions four soil samples remained approximately constant
Based on the composition of soil solutions analyzed (data not shown). In contrast to cations, anion activities in the first part of this study, a treatment was designed tended to decrease as {NO Ϫ 3 } increased in the course of to simulate, in liquid culture, the chemical properties nitrification (Fig. 3) .
of the highly weathered acid soils of the Colombian The acidification associated with nitrification insavannas (LN ϩ Al, low nutrient levels plus Al; Table 1 ). creased the solubility of Al. A plot of log {Al 3ϩ } versus pH suggested that Al solubility was controlled by a Effect of the Treatment Simulating Chemical form of gibbsite that was slightly more soluble than the Properties of Savanna Soils crystalline form, which often puts an upper limit to Al solubility in acid soils (Lindsay and Walthall, 1989) .
Dry matter production of signalgrass and ruzigrass Only soil solutions extracted shortly after rewetting under unstressed conditions was 152 and 180 mg plant
Ϫ1
in the greenhouse and 52.8 and 85.8 mg (3 plants) Ϫ1 in were significantly undersaturated with respect to crys- The analysis of variance of growth data from the plants grown in the greenhouse, however, indicated a the growth chamber, respectively (AN, adequate nutristatistically significant interaction between the effects ent levels; Table 2 ). The effect of the LN ϩ Al treatment, of Al toxicity and nutrient deficiency in ruzigrass but simulating soil solutions of the Colombian savanna soils, not in signalgrass (Table 4) . Corresponding data obwas evaluated by quantifying growth relative to the AN Table 4 . Direct and interaction effects of Al toxicity and nutrient treatment. The less-adapted ruzigrass was considerably deficiency on the growth of signalgrass and ruzigrass in the more affected than the well-adapted signalgrass, irregreenhouse. † spective of whether plants were grown in the greenhouse Statistical significance or growth chamber (Fig. 5) . Statistically significant inter-
Stress factor
Parameter ‡ Signalgrass Ruzigrass specific differences were observed for the relative SDW and RDW, LA, and RL (P Ͻ 0.05 to P Ͻ 0.001 for the extent, by about 57% in the greenhouse (P Ͻ 0.001) or ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. tained from the plants grown in the growth chamber tween the two grasses under nutrient-deficient growth displayed essentially the same trend, although they were conditions ([LN ϩ Al]/LN), irrespective of whether the complicated by a slightly stimulatory effect of Al on plants were grown in the greenhouse or growth chamber root growth of signalgrass under low nutrient supply (P Ͻ 0.05 to P Ͻ 0.001 for the various growth parame-(data not shown). This interaction was associated with ters; Fig. 7A ). an alteration of the morphology and architecture of the root system of ruzigrass. Roots of plants simultaneously
Effects on Nutrient Uptake exposed to both stress factors were thicker and had
The mineral composition of shoots displayed a similar more laterals close to the tip of the main axis, both trend to that of roots (correlation coefficients for shoot typical symptoms of Al injury (Fig. 6) .
vs. root values ranged from 0.52 for K to 0.95 for Mg; We therefore evaluated the effect of Al toxicity at computed with data from both grasses and all treatboth levels of nutrient supply. As indicated previously, ments). The only exception to this trend was Al, which hardly any difference was found between the two grasses accumulated in the roots of both grasses without being at adequate nutrient supply ([AN ϩ Al]/AN). (Only translocated to shoots. The inhibitory effects of Al toxicthe total length and dry weight of roots of ruzigrass ity and nutrient deficiency on nutrient acquisition were grown in the greenhouse were somewhat more affected therefore evaluated based on nutrient concentrations in than those of signalgrass; P Ͻ 0.05, Fig. 7B ). In contrast, there was a pronounced difference in Al resistance beshoots, which were unaffected by the contributions of those from most other soils reported in the literature (ionic strength Ͻ1.7 mM; Altman and Dittmer, 1966; Edmeades et al., 1985; Menzies and Bell, 1988; Parker and Norvell, 1999) . They contained fewer nutrients than soil solutions from acidic topsoils from Australia and New Zealand, which had previously been used as a model to design low-ionic-strength nutrient solutions for Al-toxicity studies (Gillman and Bell, 1978; Bruce et al., 1989) . The poor nutrient status of the Colombian samples presumably reflects an advanced state of soil weathering. Hence, both Al toxicity and nutrient deficiency might limit plant growth in these savanna soils. Adding fertilizer increased the ionic strength of soil solutions from 1.3-1.7 mM to values similar or greater than those of soil solutions used to design low-ionicstrength nutrient solutions (5.4-13.4 mM) (Gillman and Bell, 1978; Edmeades et al., 1985; Bruce et al., 1989) .
Rewetting Soils Stimulates Nitrification
The seasonal pattern of soil drying and rewetting induces microbially mediated fluctuations of pH and mineral N in tropical soils (Sá nchez, 1976; Gigou et al., 1985; Sylvester-Bradley et al., 1988; Mueller-Harvey et al., 1989) . Studies in rice fields in the Colombian savan- after rewetting (Fig. 1A) . This acidification was presum- way as the onset of the wet season presumably does in the field. ions passively adsorbed to cation-exchange sites in root The NO Ϫ 3 produced during nitrification may not have cell walls. An ANOVA showed that a low supply of been derived from ammonium, because ammonium levnutrients during growth reduced uptake of N, P, and K els in soil solutions did not decrease as nitrification set in both grasses to a similar extent (Table 5 ). In the case in (Fig. 1C) . This finding is similar to the results of of Ca and Mg, this inhibitory effect was amplified by previous experiments with soil cores collected in the Al toxicity, as indicated by the statistically significant Colombian savannas (Sylvester-Bradley et al., 1988) . interaction between the effects of nutrient supply and Al Together, they are consistent with the suggestion that toxicity (Table 5) . No difference in nutrient acquisition heterotrophic nitrifiers might have produced the NO Ϫ 3 between the two grasses was detected. directly from organic substrates. Heterotrophic nitrificaAluminum-stressed plants grown at low nutrient levtion often dominates in acid soils because autotrophic els (LN ϩ Al) differed from their counterparts grown nitrifiers are inhibited at low pH (Haynes, 1986) . at adequate nutrient levels (AN ϩ Al) only in their P and Mg content (P Ͻ 0.05). Shoot concentrations of
Nitrification Affects Soil-Solution Composition
other nutrients were statistically indistinguishable (Fig. 8) .
Before the onset of nitrification, cation levels in soil solutions were not correlated with that of NO 4 . Sodium was the most abundant cation in soil solutions from soils without Soil solutions extracted from soils without fertilizer before the onset of nitrification were more dilute than fertilizer, but not in soils ϩ fertilizer (Fig. 3) . Dominance of Na has been reported for soil solutions of subsoils, but served in a previous field study in the Colombian savannas, was also accompanied by a marked increase in cation only occasionally for surface soils (Bruce et al., 1989) .
The activities of other cations (before nitrification) concentrations (CIAT, 1994; Okada and Fischer, 2001) . These data suggest that nitrification may be an imporwere in the order of
, irrespective of soil type or fertilizer addition (Fig. 3 ). Yet cationtant factor affecting the soil-solution composition in these soils if levels of organic N and/or NH ϩ 4 are high activity ratios in soil solutions from soils without fertilizer were higher than those from fertilized soils, indicatenough. In contrast to our soil-incubation experiments, leaching and uptake of NO Ϫ 3 by plants counteract the ing a comparatively low abundance of K relative to divalent cations in native soils (see Results).
impact of seasonal peaks of nitrification on soil-solution composition in the field (Sá nchez, 1976; Gigou et al., The acidification associated with nitrification had a profound impact on the composition of soil solutions.
1985; Sylvester-Bradley and Mosquera, 1985; MuellerAbove a NO Ϫ 3 activity of approximately 1 mM, cation Harvey et al., 1989) . In established pastures NO Ϫ 3 salts activities increased in parallel to the activity of NO Ϫ 3 , are therefore not expected to accumulate to the same the latter being a measure of the amount of protons extent as in this study. The acidifying effect of nitrificaproduced by nitrification (Fig. 3) . The stoichiometric tion, however, allowed us to establish that the solubilitrelationships between the amounts of NO Ϫ 3 and cations ies of Al 3ϩ and H 2 PO Ϫ 4 were controlled by gibbsite and accumulating in soil solutions, and the approximately variscite (in equilibrium with gibbsite), respectively constant cation-activity ratios (see Results for a defini-( Fig. 4 ; Barber, 1984; Lindsay and Walthall, 1989) . tion), together suggest that the protons produced during nitrification desorbed cations from pH-dependent cat-
A Nutrient Solution Simulating Chemical
ion-exchange sites in proportion to their abundance on
Properties of Highly Weathered Acid Soils
the exchange phase ( Fig. 2 ; Moss, 1963; Curtin and Smil- One of the goals of this study was to design a nutrient lie, 1995). A similar mechanism of cation release appears solution that simulates soil solutions of highly weathered to exist in the field, because the progressive acidification acid soils (LN ϩ Al, low nutrient levels plus Al). We of soil solutions in rice fields during the wet season, obused the composition of soil solutions from soils without fertilizer before the onset of nitrification as a guideline to adjust the activities of Al 3ϩ and macronutrients to values typical for the Colombian savanna soils. For micronutrients, the concentrations in the low-ionic-strength nutrient solution described by Blamey et al. (1991) were adopted. No attempts were made to adjust their concentrations to lower levels because maintaining such low levels would have required a flowing solution culture system. Manganese toxicity was not considered in this study because its occurrence depends on the soil's parent material, and other South American savanna soils have been shown to contain lower-than-world-average levels of Mn (de Sá e Melo Marques, 2000) . Table 1 details the criteria used to design the LN ϩ Al solution 
Al treatments). Nutrient concentrations are shown in grams per
The concentrations of most macronutrients in the toxicity studies (Blamey et al., 1983 (Blamey et al., , 1991 Wheeler et al., 1992; Edmeades et al., 1995) . Plant growth is likely
Nutrient Deprivation Affects Aluminum Resistance of the Less-Adapted Brachiaria Species
to be limited as a result of such low nutrient levels (Asher, 1978 (Asher, , 1986 . Having tentatively established the effectiveness of the To accurately quantify the growth-inhibitory effect LN ϩ Al treatment in simulating chemical factors that of the LN ϩ Al treatment, growth has to be referenced limit plant growth in these savanna soils, we dissected against the plants' inherent growth potential, measured the stress syndrome into two of its components. This under unstressed conditions (AN, adequate nutrients was accomplished by evaluating the relative effects of without Al). Nutrient concentrations in soil solutions nutrient deficiency and Al toxicity in separate treatfrom soils ϩ fertilizer were similar or greater than those ments (LN/AN and [AN ϩ Al]/AN, respectively). in the low-ionic-strength nutrient solution designed by A low supply of nutrients reduced growth in both Blamey et al. (1991) to support close-to-maximum signalgrass and ruzigrass to the same extent (see Regrowth rates, while minimizing problems with Al speciasults). A similar result was obtained for Al toxicity, tion. Because it would be desirable to measure the effect except for a moderate difference in the dry weight and of Al at adequate (but not excessive) nutrient levels, total length of roots of plants grown in the greenhouse we did not adjust nutrient concentrations of the AN (Fig. 7B) . The pronounced growth difference between solution above their levels in that solution. Only the the two grasses under simultaneously Al-toxic and nutriconcentration of P was raised from 2 to 5 M to compenent-deficient conditions, therefore, was the result of an interaction between the effects of the two stress factors sate for depletion of such a small quantity in intermiton growth of less adapted ruzigrass (Fig. 5 , Table 4 ). In tently renewed solution culture (Table 2) . Previous principle, either inhibition of nutrient uptake by Al or an greenhouse experiments at variable P and N levels, but increase in Al susceptibility under nutrient deprivation otherwise identical conditions, had confirmed that their could account for this interaction. The distinct root morconcentrations in the AN solution resulted in 84 to 94% phology and architecture of ruzigrass grown in the LN ϩ of maximum yield for the two grasses (Lasso, 1998) .
Al solution, reminiscent of the effects of Al toxicity, To disentangle the effects of Al toxicity and nutrient suggested that its level of Al resistance was affected by deficiency, we also designed two solutions that exhibited the low nutrient concentrations in the medium (Fig. 6 ). either an identical activity of the principal phytotoxic
We therefore compared Al susceptibility of the grasses Al species (Al 3ϩ ; AN ϩ Al) or identical nutrient concenat the two different levels of nutrient supply. Only under trations (LN) as the LN ϩ Al treatment (Tables 2 and 3). nutrient-limited growth conditions did a clear interspecific difference in Al resistance appear (Fig. 7A) . Again, American savannas. It may also explain why a rootsavanna soils, we evaluated growth of two contrasting elongation assay in simple salt solutions had revealed a Brachiaria species relative to unstressed conditions marked difference in Al resistance between signalgrass ([LN ϩ Al]/AN). Results showed that the acid soiland ruzigrass, although we could not detect this differadapted signalgrass was significantly less affected by ence in a previous experiment with fertilized soil samsimultaneous Al stress and nutrient deficiency than was ples exhibiting varying degrees of Al saturation (Rao the less-adapted ruzigrass. This growth difference was Wenzl et al., 2001 ). similar to the differences in forage yield measured in a To identify a particular nutrient, whose deficiency previous field evaluation at the Pista site, where the could account for an increased sensitivity of ruzigrass samples of clay loam had been collected for this study to Al, we analyzed nutrient uptake by plants. There (CIAT, 1995) .
The Growth Response of two
was no difference between the two grasses in the way Comparable results were obtained whether plants nutrient deficiency and Al-toxicity inhibited nutrient were grown in the greenhouse or growth chamber, sugacquisition (Table 5 ). This appears to indicate that the gesting that physiological responses to this treatment adverse effect of nutrient deficiency on Al resistance of were reproducible between very different growth reruzigrass was not due to an inefficient uptake of nutrigimes (Fig. 5) . Hence, this technique should be a robust ents. Instead, it may have been the result of a less effecmethod to identify Brachiaria genotypes adapted to intive use of scarce nutrient(s) in physiological processes fertile acid soils. Relative growth of B. brizantha cv.
that prevent or alleviate Al phytotoxicity. Marandú , a Brachiaria species of intermediate edaphic We therefore identified the nutrients whose tissue adaptation, was intermediate between the other two concentrations decreased most strongly when nutrient species in all experiments (data not shown). These data deficiency was superimposed on Al stress, because a are consistent with the suggestion that the LN ϩ Al lower tissue concentration is likely to affect the effitreatment provides a realistic approximation to the ciency with which a particular nutrient can be employed stress factors that limit plant growth in the highly weathto counteract Al phytotoxicity. As shown in Fig. 8 , the uptake of P and Mg was affected the strongest. Differered acid soils of the Colombian savannas.
